Abstract. Climate change is a complex problem and becoming the leading challenge for humankind in the 21 st century. Therefore, assessing climate change impacts on the social, economic activities and proposed solutions to respond to climate change is urgent and necessary. The Soil and Water Assessment Tool (SWAT) model provides an efficient way to assess complex water resources management problems of a watershed. In this research, we used the SWAT model to evaluate the impact of potential climate change on the availability of water resources in the Heihe River Basin, which supplies major drinking water to over three million people in Xi'an City, China. The response of the hydrologic system in this basin to climate change must be analyzed to provide a scientific foundation for planning future water managements, including groundwater diversions, dealing with adverse effects of more intensive floods and severe droughts, and reservoir water protection in the Heihe River Basin. To our knowledge, this is the first attempt to combine SWAT model with GCM outputs for urban water resources area in northwest China to assess the effects of climate change on river runoff. For this purpose, the SWAT model was first calibrated and then validated using the monthly streamflow data during the period of 2005~2009 and 2010~2013, respectively, from the Heihe River. Based on the calibrated model, the future water resources of the Heihe River Basin under the climate change scenario of the A1B from the IPCC report was simulated. The predicted annual runoff in the Heihe River Basin in the next 40 years (from 2020) shows an increase after a reduction, with the change in the average annual runoff ratio of -11.0%, -6.4%, 7.2%, and 190% for each of the next four consecutive decades. The average runoff during the flood season reaches a maximum in the 2050s, which may lead to serious challenges in flood control in the middle and lower reaches of the Heihe River region.
Introduction
Climate change is one of the biggest challenges to human in 21st century. The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report emphasized that global warming and climate change is an unavoidable phenomenon [1] [2] [3] . In recent decades, the potential impacts of climate change on water resources and hydrology have become a significant concern. Changes in future climate will affect the hydrologic cycle and impact water resources in terms of both quantity and quality. Water quality and water quantity are directly related to the health of millions of urban residents. Understanding future flow conditions is necessary for sustainable watershed management and maintaining watershed ecosystems [2, [4] [5] [6] [7] [8] . To my knowledge this is the first attempt to directly use SWAT model with GCM outputs for urban water resources in north-west China to assess the effects of climate change on river runoff.
Hydrologic circulation systems can be viewed as complex systems, and the processes within them are difficult to model due to the nonlinear relationships between hydrologic variables. Attempts have also been made to forecast the effects of climate change on streamflow based solely on historical records of discharge and climate conditions in specific river basins. The historical data are used either to develop multivariate regressions between runoff and climate parameters [9, 10] or to identify and quantify indices for the sensitivity (i.e., climate elasticity) of streamflow to changes in climate [11] [12] [13] [14] [15] [16] [17] [18] [19] . Such methods, however, may not yield accurate results when applied to future climate scenarios that lie outside the range of climate conditions captured in the historical record.
Accordingly the purpose of this paper is to assess whether either of the SWAT model with GCM outputs accurately predicts measured values of river runoff and to test their ability to estimate changes in river runoff associated with climate change scenarios generated by GCMs. To my knowledge this is the first attempt to directly use SWAT model with GCM outputs for urban water resources in north-west China to assess the effects of climate change on river runoff, although Jiang et al., 2007 did use such methodology to interpret the results of their study of the comparison of hydrological impacts of climate change simulated by six hydrological models in the Dongjiang Basin, South China. As will be shown the potential impact of climate change on streamflow in Xi'an Heihe region using the SWAT hydrological model forced with output from an ensemble of GCMs. It will also be shown that in its different form SWAT hydrological model predicts runoff changes due to climate change that agree well with results based on more complex hydrologic models as well as those based on empirical assessments of the climate elasticity of streamflow and observed historical changes in runoff and climate. The results can provide a scientific basis for urban water resource protection [20] .
Data and Methodology
The Heihe River in Shaanxi Province is one of the larger tributaries of the Weihe River. It is located between 107° 43'-108° 24' E and 33° 42'-34° 13' N, and is a second-level tributary of Yellow River. The Heihe River originates in the southern foot of Qinling Taibai Mountain and flows from southwest to northeast. The Heihe River flows from the valley at the Wujia Village near the town of Mafou, in Zhouzhi County, and then flows into the Weihe River at Shima Village in the northeast. This watershed has an area of 2258km 2 . In 1999, the Heihe Jinpen reservoir hydro-junction was built on the Heihe River, with the goal of supplying water for Xi'an city and an irrigated area of about 2.47 x 10 4 km 2 . The mountains in this area have steep slopes that enhance quick runoff and soil erosion. Agricultural occurs in the terraces and low-slope valleys. In the agricultural areas the environmental destruction by human activities is obvious (see Figure 1) .
The average annual rainfall of Xi'an Heihe River Basin is about 810mm. The rainfall in north of Qinling remote mountain area receive less than 800 mm, and in the rest of the shallow mountain area receive about 1000mm of precipitation annually. Precipitation varies significantly throughout the year, with large rainstorms from July to October which supply more than 60% of the average annual precipitation. SWAT requires a number of typical hydrologic, geographic, and geologic datasets. These include: DEM, river network and water system map (include dams/canals/human water and so on), vegetation map, soil map, climate data from weather stations, stream discharge from hydrologic stations, and so on GIS data. 15 stations' meteorological data spans from 2005 to 2011 and includes daily precipitation, maximum and minimum temperature, wind speed and relative humidity (the stations' distribution is shown in Figure 1 The formulas for water balance coefficient (rVol), correlation coefficient (r) and the model Nash-Sutcliffe efficiency coefficient (Ens) are: (3) where Q 0 is the measured runoff; Q p is the simulated runoff; Q avg is the average measured runoff; and Q pavg is the average simulated runoff. We simulate 40 years of annual average discharge (2020-2050) at the Chenhe hydrological station based on weather scenarios from GCMs under the A1B scenario; we start with the 2010 year to base our projections in the well-known model for that year. We compare the estimates of these annual average discharges with the base years ( Table 1) . The location at the Chenhe hydrological station is ideal for assessing these water resources, as water is exported from the Heihe River Basin at that point. By decade, the relative change in annual average discharge is: -11.0%, -6.4%, 7.2%, and 190%. We also consider the change in discharge change during the flood season and the non-flood season; in doing so, we find several important results. From the 2020s to 2030s, non-flood season discharges are reduced and the flood season discharges are increased. Non-flood season and flood season discharges are both increased in 2040s. And in the 2050s, the flood season discharges are increased and the non-flood season discharges are reduced. In addition, the flood season discharge amplification is largest in the 2050s (152%). This maximum may be due the large changes in climate, global temperature raise, and frequent appearance of extreme weather and increased rainfall in the 2040s-2050s. In general, the simulated results suggest that discharge in the Heihe River Basin will decrease in the first 20 years (2020-2030) and increase in the last 20 years (2040-2050) of our analysis. The discharge reduction in the first 20 years may intensify the shortage of available water resources downstream, including for the drinking water supply of Xi'an City. 
Summary
The Heihe Reservoir is an important drinking water source for Xi'an, plays an important role in the local livelihood and economic development around Xi'an, and is sensitive to global climate change. The hydrologic response of the Xi'an Heihe watershed to climate change will need to be understood in order to appropriately manage its water resources in the future. In addition, such understanding will serve as a reference to understand discharge near China's major cities. In this paper we utilized a semi-distributed hydrologic model to analyze the regional water balance of the Xi'an Heihe Basin. We treated the past 7 years' data (2005-2011) as benchmark data to create a calibrated model, and then simulated the discharge changes expected under different climate scenarios from 2010s to 2050s. We ended by discussing the impact of climate change. The results show that: (1) SWAT achieves an acceptable accuracy in simulating monthly discharge at the Chenhe Hydrology Station from 2005-2011; this station exports water from the Heihe River to Xi'an City and nearby agricultural regions. SWAT can reasonably depict the relationship between rainfall and runoff in the Xi'an Heihe watershed, and so using this model to analyze the effects of climate change on water balance in the Xi'an Heihe River Basin is feasible.
(2) In the past 7 years, on the whole both annual and non-flood season discharges at the Chenhe Hydrology Station from the Xi'an Heihe Rater Basin have decreased significantly.
(3) Under the influence of climate change, discharge from the Xi'an Heihe River will decrease in the first 20 years (2020s-2030s), intensifying the shortage of water resources in the middle and lower reaches of Xi'an Heihe River Basin. In the later 20 years (2040s-2050s) the discharge will increase. This increase may occur because of the increased temperature and extreme weather (including increased rainfall) predicted in this time period compared with the present. These changes in climate will impact the hydrologic condition of the basin, and significantly change the annual discharge.
(4) In the 40 years between the 2020s and 2050s, the maximum and minimum temperatures in Zhouzhi County in the Heihe River Basin are predicted to increase by 0.6℃ and 1.7℃ respectively. These temperature changes play an important role in the hydrology of Heihe River Basin; they make the discharge in the 2050s increase exponentially (Caused by the increased rainfall, snow melt and less infiltration), and may lead to extreme weather events.
Our results and analysis show that discharge in the Heihe River Basin will first decrease and then increase. Under certain conditions these changes are not conducive to improving the area's ecological stability and agricultural production, and will have negative effects on the water security of Xi'an. As a result, adaptive measures may need to be taken.
This study includes sources of uncertainty, including the weather pattern predicted by the GCM; the GCM outputs scenarios for temperature and precipitation, the latter of which is far more uncertain than the former. These uncertainties are then propagated into the distributed or lumped parameter hydrologic model used to predict runoff; the uncertainty between different meteorological elements of climate models forecast with the A1B scenarios used to drive the GCM; the uncertainty in parameterizing the distributed hydrological model; the lack of observed meteorological data and runoff data, etc. These uncertainties may affect our conclusions, so future research should focus on these challenges. In particular, long-term observation of soil data and meteorological data could provide high precision measured data which could improve the accuracy of hydrologic simulations and forecasts.
